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ABSTRACT 

Pit membrane remnants in scalarilorm pcriorat ions ot mature Illicium / l()riJLiniim \'esselsol stems 
and roots Irom three sources were studied with scanning electron microscope (SEMJ. Several meth- 
ods ol preservation and microtechnical treat men! were used; results lor all ol these methods, lor the 
three sources, and tor the two organs revealed similar patterns. The perloration pit membranes illus- 
trated are believed to be relati\'el\' Iree ol artilacts. Pit membrane presence in perlorations ol all col- 
lections ol I. floriclcinum studied ranges Irom intact non-porose pit membranes to near-absence ol 
any pit membrane Iragments. llowe\^er, the extreme conditions are relatively inlrequcnt, and the 
most common condition is presence ol less than 50% ol the pit membrane; presence ol more than 
50%ol the pit membrane is somewhat less ccanmon. The phylogenetic signil icance ol pit membrane 
presence in perlorations is considered a SN inplesiomorphic leature lor angiosperms. Presence ol pit 
membrane remnants in perlorations is valuable in phylogenetic analyses ol angiosperms. 

Krv VVe^RDs; basal angiosperms, llliciales. [xaioraiion plates, pit membrane remnants, irachcid-ves- 
sel transition, vessel evolution, wood evolution. 



RliSUMEN 

Se estudiaron al microscopic electronico de barrido (SEND restos de las membranas de puntcaduras 
de las perloraciones escalarilormes de vasc^s dc tallos \' raices de Illic i uni J loritlanum maduros 
procedentesde tres luentes. Se usaron \ arios metoilosdc conservacion y tratamientos microtecnicos; 
obteniendo patrones similares con todos Ic^s metodos, para las tres luentes y los dos organos. Las 
perloraciones de las membranas de las punteadui as que se ilustran se cree que no tienen artelactos. 
La presencia de puntcaduras de membrana en las perloi'aciones de todas las coiccciones de I. 
floriilanum estudiadas varian Llesrle puntcaduras intactas no-porosas hasta la casi ausencia de 
fragmentos de membrana. Sin embargo, las condiciones exircmas son relativamente ini rccuentes. y 
las condiciones mas comunes son la presencia de menos del 50So de membrana de la punteadura; la 
presencia de mas del 50% de la membrana de la punteadura esalgo menos Irecuente. El signilicado 
lilogenetico de la presencia de la membrana de la punteadura en las perloraciones se considera una 
caracteristica simplesiomorl ica en angiosj^ennas. La presencia de reste'^s de la membrana de la 
punteadura en las perloraciones es valiosa en los anal Isis I ilogencticos en angiospermas. 



INTRODUCTION 



Presence ot pit membrane remnants in perforations of primitive woody dicoty- 
ledons with scalariform perforation plates was figured by Meylan& Butterfield 
(1978) for several species ol New Zealand woods, such as Ascari na luc icla Hook.f 
Carpodetusserratusj.R. O: G. Forst., Qiiintinia aculifolia Kirk, and Weimnunnic/ 
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rcucmosu L.l. Similar ligurcs were 




■ Takahashi (.e g., lk)8'5). Mcylan 



and Burterlield (,ld78) refer to threadlike pit membrane remnants as "mi- 
erofibrillar webs," and in some eases this describes the appearances well. In oth- 
ers {Ascuriihi, Wciniucinnici), the pit membranes look essentially intact; they 
contain circular pores ol various sizes. Pit membrane remnants in a simple per- 
foration plate ol Kniglifiu (Proteaceae) were ligured by Butterlield and Meylan 
(,ld82). 

In a review of this phenomenon (Caiic|uist lQd2a), the term “pit membrane 



remnants” was 




ribe the diversitv (.d 




anes or mem 



brane portions that occur as threads as well as tho.se that occur as persistent 
sheets in which component microlibrils are not evident. Pit membrane rem- 




nants occur in a 



(C'.arlc|uist ldd2a) as well as in 
some monocotyledons (see illustrations and literature cited in Ciaiiquist &r 
Schneider ldd7, ldd8; Schneider & 



ldd8) and lerns (C.arluuist & 




Schneider 2001 and literature cited therein). 



Pit membrane remnants appear characteristic ol particular lamilies, such 
as Chloranthaceae (Carlquist 1090, 1992b, f992c). Among the lamilies that cur- 
rently constitute llliciales, pit membrane remnants are most conspicuous in 




u'ium (Carlquist f992b; Carlquist & Schneider 2002b), sole genus o 



llliciaceae, as well as in the m 




/\ u s t r o b a i 1 e \ ■ a e e a e ( Ca r 1 (. I u i s t 



20(">1) and both genera ol Schisandraceae (Carlquist 1999). The survey ol the 
genus 11/ ici imi with respect to pit membrane remnants (Carlquist 1992a) showed 



diversity but not the causes lor this diversity. Conceivably, the sources lor dil - 
ferent degrees and types ol pit membrane remnant presence in llliciuni can be 
related to differences among species, dillerences in provenance, dillerences 
among parts of a single plant, or differences in methods ot preparation. The 
pre.sent paper has selected one readily available species, llliciiini / loi iJanum 
P.llis, because pit membrane remnants in perforations appeared abundant and 
varied on the basis ol preliminary observations (Carlquist 1992a), and because 
material ol living plants is readily available. 

An understanding of the diversity ol pit membrane remnants in Illiciinu 
floviLla)]inu is needed as a ba.seline against which to compare diversity in such 
remnants in other dicotyledons. Do pit membrane remnants indicate a primi- 
tive character state in phyladsof angiosperms as suggested by Carlquist (1992a)? 
Can degrees ol pit membrane presence be indicative ol departure Irom trac- 
heid-like tracheary elements, and il so, can these degrees be used cladistically 
and can they help us understand the nature ot the tracheid-vessel element tran- 



sition (Carlquist Cr Schneider, in pre.ss)? 



MATliRIAI. AND MnTIIOD.S 



The dried llliciiiin florichnuim stem (Palmer 197(')8; “f-lorida" without further 
locality) was derived trom a specimen 12 mm in transectional diameter in the 
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RSAw collection. This specimen had been donated to Rancho Santa Ana Botanic 
Garden by the U.S. National wood collection (USw). A portion of this specimen 
was boiled in water, stored in 50% aqueous ethanol, and sectioned on a sliding 
microtome. Some of the sections were dried between clean glass slides, sputter 
coated with gold and examined with an ISl WB-6 scanningelectron microscope 
(SHM) at Rancho Santa Ana Botanic Garden. Living stems (8 mm in diameter) 
of the species were obtained I rom a cultivated plant in the lathhouse at Univer- 
sity of California, Santa Barbara, and were preserved in 50% aqueous ethanol. A 
stem 5 mm in diameter was obtained from the University ol Florida, Gaines- 
ville. Living roots of the species (10 mm in diameter) were provided by the U.S. 
National Arboretum, Washington, D.C., and were preserved in 50% aqueous 
ethanol. Root and stem portions from living specimens were preserved in alco- 
hol without the use of any other reagents in order to minimize artifact lorma- 
tion in the pit membranes ol perloration plates. Critical-point drying was not 
employed because in mature woods, many vessels are already Idled with air 
and critical-point drying would be redundant (Butterfield & Meylan 1982). The 
stems and roots derived Irom living specimens were sectioned on a sliding mi- 
crotome (only radial sections were prepared). Sections were dried between glass 
slides, sputter-coated with gold, and observed with a Bausch & Lomb Nanolab 
200 SEM at Santa Barbara Botanic Garden. Thick sections (ca. 50 gm) were cut 
in order to obtain complete sheets extending Irom cambium to pith rather than 
fragmentary sections. Thick sections ofler no disadvantage where SEM is in- 
volved. Thick sections, on the contrary, are more likely than thin sections to 
have long portions of perforation plates or even entire perforation plates. 

Low accelerating voltage was applied to the SEM-observed sections when- 
ever possible in order to minimize the possibility ol beam damage to the pit 
membranes. We believe that tearing ol pit membranes f rom sources other than 
sectioning (the effects of which can easily be detected) was negligible. Our re- 
sults seem comparable to the photograph of pit membranes lor Weinmutmiu 
racemosa (Meylan & Butter I ield 1978). Current literature on wood anatomy does 
not consider these appearances to be instances ol artilact lormation. In order to 
stress the nature of pit membrane remnants, our illustrations are at high mag- 
nifications. Our equipment does not offer maximal resolution compared to 
newer machinery, unfortunately. Also, the nature of SEM involves lowered re- 
trieval of electrons from depressed areas such as perlorations, and thus resolu- 
tion is less than for convex structures. 



RESULTS 



Perforation plates in Illicium floridanum (e.g., Fig. 1) are scalariform and are 
easily distinguished from lateral wall pitting, which consists of pits with rela- 
tively short length, separated from each other by bands ol wall material appre- 
ciably wider than the bars ol a perloration plate. Pit membranes of pits on lat- 
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Figs. 1-4. SEM photographs of radial sections of lllicium floridanum vessels. Figs. 1-3. Portions of perforation plates 
from dried stem wood sample. Fig. 1. About a quarter of a perforation plate, pit membrane remnants visible in the 
perforations. Fig. 2. Perforations similar to those of Fig. 1, showing weblike pit membrane remnants. Fig. 3. Perfora- 
tions containing strandlike pit membrane remnants; breakage of threads in the central perforations is interpreted as 
an artifact created by drying of wood sample or sectioning. Fig. 4. Pits on lateral wall of vessels, showing absence of 
any pores in pit membranes. Magnification scale in each figure = 5 pm. 
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eral walls of vessel elements were intact and devoid ot any pores (Fig. 4); nearly 
all ol the pit membranes in perlorations have pores in a sheetlike membrane, 
nr rhrpadlikp nr <;trandlikp rpinnants nl a nit membrane (Fies. 1-3. 5-11). We 



have presented a photograph ol an exceptional pit membrane Irom a perfora- 
tion plate in which pit membranes that lack visible pores or holes were retained 
(Fig. 12); such non-porose perloration pit membranes were inlrequent, present 
in fewer than 5% of the perforation plates we examined, with the exception of 
the uppermost (or lowermost) perloration in some perloration plates. One or 
two such terminal perlorations, which may be considered transitional to lat- 
eral wall pitting, may be seen in numerous perloration plates, but no such non- 
porose perforations occur in the remainder ol most perloration plates. Our com- 
ments, unless otherwise stated, reler to perloration plates only, and describe 



conditions other than the exceptional type of perforation pit membranes illus 



t rated in Figure 12. 

Pit membrane remnants are retained in perlorations ol the dried wood 
sample that was boiled in water prior to sectioning (Fig. 1-3). The durabilit y of 
these membranes is attested by retention ol seemingly delicate weblike mem- 
brane portions (Figs. 1, 2). Also preserved by this method arc strandlike pit 
membrane remnants that run parallel to the long axis of the vessel element 

(Fig. 3). 

Study of wood from living specimens ol stems lixed in 50% ethanol reveals 
a wide range of pit membrane remnants in perlorations (Figs. 5-8). Circular to 
oval holes in pit membranes characterize numerous perforation plates (Fig. 5). 
This type ol pit membrane may coexist in a perforation plate with pit mem- 
branes in the form of strands (Fig. 6). Some pit membranes in the lorm ol web- 
like remnants can be lound (Fig. 7). Above in Figure 7 is a pit membrane Irag- 
ment containing pores; this illustrates the transition between porose sheets ol 
pit membranes and weblike pit membranes. In Figure 8, pit membrane rem- 
nants are restricted to the ends ol perlorations. The remnants shown contain 
small pores ot various sizes and shapes. The perlorations shown in Figure 8 are, 
because of restriction of pit membranes to ends ol perlorations, mostly clear. 
Perlorations with small vestiges ol pit membranes ol this sort, but with most 
perforation area clear of membrane remnants, characterized about 10% ol the 
perforation plates in this material. Also present in the liquid-preserved stems 
from living plants were a lew perloration plates in which pit membranes were 
intact, like those shown in Figure 12. Such intact pit membranes are not from 
immature vessel elements, since they can occur at various points between pith 

and cambium. 



Liquid-preserved roots from living cultivated plants also revealed a wide 
range of pit membrane conditions (Figs. 9-12). In Figure 9, portions of two per- 
foration pit membranes are illustrated. As suggested by the irregular distribu- 
tion of pores and holes, pit membranes in this perforation plate possessed some 
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Figs. 5-8. SEM photographs of perforation plate portions from radial sectionsof stem wood sample oi llliciumfloridanum 
(plant cultivated at University of California, Santa Barbara). Fig. 5. Perforations with oval holes in pit membranes (up- 
per portion of holes obscured by oblique view of perforations). Fig. 6. Perforations with pit membranes containing 
holes and with some strands (upper portions of some holes obscured by oblique view of perforations). Fig, 7, Perfora- 
tions with weblike pit membranes and (top) small pores in a pit membrane portion. Fig. 8. Perforations clear except for 
porose remnants at the ends of the perforations. Magnification scale in each figure = 5 pm. 
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Figs. 9-12. SEM photographs of perforation portions (long axes of perforations (or pits) arranged vertically) from radial 
sections of wood from root oilllicium floridanum cultivated at the U.S. National Arboretum. Fig. 9. Pit membranes that 
have non-porose portions as well as circular to oval pores of various sizes. Fig. 10. Pit membranes that have some circu- 
lar to oval holes; other portions of pit membranes are in the form of strands traversing the perforation. Fig. 11. Pit 
membranes that are almost entirely in the form of strands. Fig. 12. Portion of perforation plate illustrating intact pit 
membranes, lacking any visible pores. Magnification scales in each figure = 5 pm. 
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areas apparently devoid of pc'ires, v^diereas others had small pores and others 
arger holes. A further stage in development ol open areas within the pit mem- 
brane remnants is represented in Figure 10. The areas apparent I y devoid ol holes 
in Figui'e 10 may result Irom inhibition ol lysis, perhaps by adherenee ol some 
ox'eiiyingSLibstanee.a possibility observed in A^caiina (Carlquist 1000). In Fig- 
ure 11, however, minimal inhibition ol lysis is evident, and almost all ol the pit 
membrane remnants are in the lorm ol delieate strands. Portions ol an uneom- 
mon type ol perloration in wdiich hydrolysis prod ueing pores did nor oeeur are 



illustrated in Figure 12. As mentioned in 




aragraph, this type ol 



perforation plate is probably not immature, beeause perloration plates with 
intaet pit membranes ean occur at any piiinr between the cambium and the 
pith. A lew perloiation plates with minimal pit membrane remnants were also 
observed in the root material. 



niSCUS.slON ANH tXlNc;LUSIONS 



Belore examining the signilicance ol the various manilestations ol pit mem- 
brane pi'esence in perlorations, the issue ol possible artilact lormation must be 
addressed. Certainly rears due to sectioning or handling do occur, but rips in 
pit membranes attributable to damage can easil\' be identilied by their con- 
tours, and are not mentioned in the above descriptions. The appearances w'e 
describe are belie\'cd to represent naturally-occurring conditions. The living 
stem and root portitms were subjected only to dilute alcohol. The entirely in- 
tact nature of lateral wall pitsol vessels in these materials serves as a control, 
certifying that application of this single reagent docs not create artilacts. Di- 
lute ethanol has never, to our knowledge, been claimed to create pores or holes 
in pit membranes. 

VVe did obserx'e that prolonged e.xposui'e ol perloration pit membranes at 
high magnilicatiiin and moderate to high accelerating x'oltage resulted in tear- 
ing. This tearing, like that due to processing, is easily identil iable, in our opin- 
ion. The pit memhranes in |xn'forationsol llliciiim / loricianiun .seemed to resist 
deformation by the electron beam better than perloration pit memhranes ol 
other dicotyledons we have studied, notably Amhorcllci (Carlquist (Sf Schneider 

2001b). 

A source ol pit membrane destruction in perlorations that isdillicult to 
estimate is the potential action ol the conduction stream. One might attribute 
distortions like tears pit membranes altered by the conductive stream or by 
lormation ol aii‘ embolisms. 

Assuming that the appearances illustrated in the present paper are rela- 
tively free Irom artilacts, how can one interpret the phenomenon of pit mem- 
brane remnants in perloration plates? The distribution ol dicotyledons with 
pit membrane remnants in perlorations tCiarlquist F-)92a) suggests that this is a 
relictual leature, as though x’essel elements were not del initi vel\' dil lerentiated. 
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The listing given in Carlquist (1992aj, if eompared to recent phylogenies, such 
as that of Soltis et al. (2000), shows that pit mern brane remnants are more com- 
mon in the families of basal angiosperms, as well as in lower branches ol euclicot 
clades and monocotyledons (Carlquist & Schneider 1998; Schneider & Carlquist 
1998) on the basis ol admittedly incomplete data. Many additional instances ol 
pit membrane presence in perforations in dicotyledons have yet to be reported. 
However, the rarity of pit membrane remnants in the woods sampled by Mcylan 
and Butterfield (1978) is likely indicative of the Irequency ol this phenomenon 
if a large sampling of dicotyledons were to be surveyed. 

Pit membrane dissolution in perlorations is presumably an easily achieved 
process, involving the action ol enzymes. However, we do not know whether 
this process can be phylogcnetically reversed or not. Quite conceivably, a lew 
instances of pit membrane retention in perforations might be achieved second- 
arily. The occurrence of pit membranes in perforations of some Myrofhummcs 



vessels might be such an instance (Carlquist 




. However, restoration ol pit 



membrane remnants phylogenetically seems likely to be infrequent, an occur- 
rence only in woods with scalariform pcrioration plates. Once a simple pcrlo- 
ration plate has been achieved, retention ol portions of a pit membrane in the 
perforation plate seems unlikely, and indeed, apparently no cases of pit mem- 
brane remnants in simple perloration plates have been reported. 

Degrees o( pit membrane presence in perlorations have been cited as indi- 
cating character state changes (Carlquist & Schneider 2002a. Five character 
states are designated in that paper (0 = pit membrane with no visible porosi- 
ties; 1 = pit membrane with small porosities; 2 = pit membrane with less than 
50% perforated; 3 = pit mem brane pre.sent, but with more than 50% absent; 4 = 
pit membrane absent or essentially so. All stem and root wood sections ol Illi- 
cium floridanum represented here cowr the complete gamut Irom 0 to 4, in- 
clusive. However, character states 0 and 4 are relatively inlrequent, and could 
be neglected il one were constructing a data matrix lor this species. The major- 
ity of perforation plates in l.J loriclLiiuim would lall into character state 3, with 
character state 2 less common. We see no problem in designating the most com- 
mon character state loraspecimcn ol a particular species, even il other character 
states coexist with the most common inanilestation. Fnd wall angles ol vessel 
elementsand num ber of bars per pcrioration plate are leatures with wide ranges 
ol expression within a single wood sample, yet they are Irequently cited (ol ten 
in the form of means) as indicators of degree of phylogenetic specialization. 
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